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Abslract

The exploration of the solatsysterinhas pio. ceded in several phases beginning with flyby
missions, proceeding to orbiters, then to probes and landers and finall y mobile vehicles
that operate on the surface andinit<atmosphere. For the most accessible planetary
bodies, Venus and Mars, we are now cntering the phase of mobile exploration of the
surface and atmosphere. This papedi < concerned with the usc of robotically-controlled
and autonomous balloons - aciobots - und their use in planctary exploration.

Conceptual designs of acrobots capahle of vertical mobility in planctary atmospheres
using altitude control systemsare discussed. The usc of prevailing wind patterns to
enable global exploration is alsocxamined. Emphasis is placed on the discussion of
approaches to autonomous navigatios oruchicving desited latitudes and longitudes in
planetary atmospheres using ob- bow d fiigh L dynainic models anda combination of rcal-
time scnsory perception (surface topography, balloon state and atmosphceric conditions)
and periodic independent position upd ates,

The design of a planetary aciobot (st hed vehicle is described which will conduct a series
of terrestrial technology demonstiitons which: 1) move graduall y from manual
tclecoperated control of the 1obotic velicle to fully autonomous altitude change and
landings; 2)achicve increasingly Jong-yange mobility from widely separated launch and
landing sites (first predicted sites followed by designated sites). Jhc missions that may
usc this technology include. both scicntifically motivated iissions and technology
demonstration opportunitics at Venus, Mars, Titan and the outer plancets.

Intoduction end Background

At the Jet Propulsion Laboratory (JI'), w¢ are now involved in planning and developing
tecchnology for the next phascof plimwtary exploration using buoyant vehicles. This
phase will draw on the technical eapenence of earlier missions but will employ
tclerobotic and autonomy technologics to controlmotion in al three dimensions. ~'here
arc significant paralels in these systaiisio the capabilities lice.ded for mobile surface
vchicles. However, there arc also sighificantnew challenges in- atmospheric - exploration
that demand distinctly differentappr oaches

‘The original motivation for developitn g this new class of buoyant vehicle was to advance
the explorationof Venus. Following the oxploration of the surface. of Venus by short-
lived Soviet landers and the Vegabatloons, JPL cariicd out the Magellan mission, which
mapped the surface of Venus using 1adarsensors.  The radanievealed a surface with a
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great variety of structural andvolcanicfcatures. ‘There has beenno clear pathway,
however, to follow up the Magcelanmissionwith along-livedin Situ mission.

Venus, EHarth's estranged sistciplanct, hiw a dense atmosphere exceeding 92 bars in
pressure and surface temperatuics in ercess of 460°C (733 K). Its surface is obscured
from view at visible wavclengthsty 11i} li-altitude hazc and clouds as wc]] as the
molecular scattering of the clearatmosphere beneath. The Soviet Vencra landers were
able to function for less than two hours exposed to the high-temperature environment on
the Venus surface. With advanced thermaltechniques and the use of vacuum insulation,
it may be possible to extend su face lifctime to afew days. M uch longer lived systems,
however, will require radioisotope powcia: Id temperature control systems which will be
costly and present Earth environmenta | conceins,

An acrobot on the other hand canturii the envitonmental challenges of Venus to
advantage. Thc Venus Flyer Robot(VI'R) concept, conceivedat JJ]]. in 1993, could
make brief excursions to the. hot sw {ace envinonment of Venus to acquire data and return
to higher altitudes to cool dowriaudtclenicter those data to anorbiting relay station or
dircctly to Earth, ‘J his concept takesadvantage of new technologies in lightweight and
JOw-power clectronics and instraments forrovers that were developed at JPLL. However,
In the. case of the Venus acrobot, the attributes of Jow power and mass arc even more
critical.

The need for a lightweight payload and control system 011 an aer obot is obvious. The
need for low power is also appai ¢nt; but for Venus exploration, it has a significant ncw
dimension. ‘The lifetime of a thermally insulated gondolain the Venus lower  atmosphere
is limited not only by heat lcaksfrom the high-tcinperature environment, but aso by
power dissipated by the clectronics. ‘1 he power 1equired for information acquisition
systems can be reduced substantially. Howcever, the power for communications systems
is beginning to approach thcorcticallimits & nd mustbe much lar ger. Hence a strategy of
acquiring data near the surlacc andtelemetering it from ahigher atitude, where it is
cooler, makes practical sensc.

Although the original motivation{orthe acrobot was for Venus exploration, these
vchicles arc becoming recognized as powct fultools for exploration of all planets with
substantial atmospheres. Whilc the shordlived entry probes to be deployed on the
Cassini and Galileo missions sample the pla netary atmosphere at only one place and onc
time, long-lived acrobots can circumn. vigate the planct many times, change altitude and
access different latitude zoncs. Plauctiry ac1 obots represent the same kind of advance in
exploration potential oved single- shotenuy probes that planetary orbiters bear to
planetary flyby spacecraft, Theyarcalsa enpaging mission concepts that will capture the
Imagination of the public by the¢irability to explore hitherto inaccessible regions of our
solar system.,

Buoyancy and Buoyancy Conirol

Fight solar systcm bodies have suflicicniatmosphere for exploration with buoyant
vehicles. They include the four major planc (s - Jupiter, Saturn, Uranus, and Neptune; the
three terrestrial planets - Earih, Venus, and Mars;, and Titan, the satellite of Saturn.
Acrobots arc lighter-than-air vehicles tha t include a primar y buoyancy system for
supporting the mass of the scientific payload, communications, and a closed-system
reversible-fluid buoyancy -control system. Inthis section, we describe the primary
buoyancy and buoyancy-control appy caches applicable to exploration of the eight solar
system targets. A series of 1iarih deionstranions of reversible-f) uid buoyancy control that
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were conducted during the last ycararc also discussed. Inaddition, the method by which
buoyancy controls altitude and cnables horizontal mobility is described.

Primary Buoyancy Systems;

Although heavier-than-air vchicles biave theen considered for planctary exploration,
lighter-than-air vehicles have clearadvantipes. First, theyy arc much more suitable for
long-duration flight because they canremarnaloft without consuming energy. Their lift
derives from the displacement of theatnosphere by alighter gas in a balloon envelope.
Hecavicr-than-air vehicles, in contiast, must gener ate. lift by consuming significant
amounts of energy. For along- duration aciovehicle, arencwable source of energy such
as solar power is nceded. Solar -powercd acrovehicles have, been examined for operation
at Mars. Solar-powered aircraft mightalso operate at Venus above. the cloud layers but
would be unable to penetrate the diep atinospher ¢, which is the region of primary
interest. For the outer plancts and Titan, thelowsolatintensitics render solar-powered
aircraft impractical.

“I'here arc two genera approachestoaprunary buoyancy systemfor lighter-than-air
systems: inflation with a gas thstisinhcrently Iess dense than the suniounding atmosphere
or inflation with gas from the surroundhingatmosphere whose tempet ature is raised to
lower its density.

Light Gas Buoyancy: Mars, Venuo s, and 1itan al 1 have solid surfaces with atmospheric
pressures ranging from less than1% of tha1 of the 1 arth to 100 times higher (at Venus).
Like Yarth, these atmospheres are comptised primarily of carbon dioxide or nitrogen,
which have comparativel y lar e molecularweights that determine their inherent density.
Inflating the primary balloon with aveiy low-density gas such as helivin or hydrogen is
practical. Ammonia or watctarcalse saticactory in the dense, high-temperature Venus
environment.

Hot Air Buoyancy: The biggest problen: with flying light gas balloons at the outer
planets is that their atmosphcicseic dominated by the lightest known gas, hydrogen
(Jable 1). A rccent study atJPl.hasshownthat just floating a10-kg payload in the
Jupiter atmosphere (without any buoyancy conti 0] system), would require about 1000 kg
of delivered entry mass, including ihe nocessary hydrogen, c1 yogenic superpressure
composite tanks, phase change anini 101 iafluid, baloon envelopes, entry module, etc.

‘1’able 1. Abundance of primary species in the outer atmospheres
of the piant plancts
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1,0 3x10° ) S
Average ’
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By definition, a buoyant gas must b less donse than the surrounding atmosphere in order
to displace enough air to provide the i ftnccessary to floata balloon envelope and
gondola. Onc method of achicving thislow density ‘is by heating ambient atmosphere.
Heating of ambient air can bc acomplished by burning a focl, as in the case for
recreational hot air balloons; applying SHlaicnergy to the balloon envelope, which heats
the internal gas; or by trapping infrarcd (11:) radiation, inside a balloon envelope which
acts like a greenhouse. On Earth, Venus and lhc()ulcrl’lanclslhcrc is sufficient IR
radiation upwelling from the both.r suface or loweratmospher ¢ to support a properly
(0111"1;u10d balloon. Such a balloonis called an Infrared Montgolfiere JRM) after the
French originators of the hot airbalioon.

The outer partof an 1IRM upper he nmph(n of the balloon is made highly reflective to
infrared radiation; the inncisurface hiphly absorptive..  As a]c.suit, infrared radiation
from below is absorbed by the balloonandraises the temperatur e of the enclosed gas.
‘I"his concept, which originate.d in I ance as the infrared Montgolfiere balloon, has been
demonstrated on the Earth in aSCiics of flights (Malaterre, 1993). Exploration of the
outer planets to pressures greater than 10 bars, where temperatures arc in the vicinity of
300 K appear feasible; mcasuvrements inad: hy the Galilco entiy probe when it enters
Jupiter later this year may confirm jts1casibility forthat planet.

JPL. studies have shown that a very promising, light weight controllable balloon system
using planetary radiation heating,app.arsguite feasible for the outer gas planets, as well
as for Venus. The technology is hiscd on amodification of a design that was
demonstrated by a series of 30 i nfrucduwontgolficre balloons flown in the Earth’s
stratosphere in the 1980s and 1990s by the H ench space agency CNES|[1]. The balloons
upper surfaces were aluminized to minimize radiant heat 1oss to space, while their inside
upper surface was blackencd (?) to absorbisdiation heat from the. lower, warmer Earth.
The resulting heating of the balloon'sinternalair alowed missions with 50-kg payloads
that lasted up to 60 days andcncircled the, globe. Thekrench used the name
"Montgolficre” for their hot-air balloons smcc it was the. Montgolficre brothers who flew
the world's first hot--air ball(mns(hmu dly burning wood) in France during the 18th
century.

Recent analysis has shown thatin{1a: e l( | R) balloon heating technology appears very
relevant for missions to the giant gas Pl ts Qupiter, Saturn, Uranus, and Neptune) as
well as to Venus. The increased convective hydrogen coohng of the outer gas planet
balloons appears to be morce thau cornpe nsated by the. incrcased radiative (which is
portionalto'T 4) heati ng from the lower altirudes of the hot gascous planets, thus allowing
operation at altitudes of about)burandlower. A sketch of the French Infrarcd
Montgolficre balloon system isshownintipure 2. The lower part of the balloon is clear
mylar or polycthylenc, which allows the barth's IR radiation to pass through and be
trapped by the blackened (?) interiorof the balloon's upper portion. The trapped air is
thus warmed significantly above the 1 @1ih's cold stratosphere temperature. Typical
altitudes at tained (represented by red vee d pressure) ar € shownin Figure 3 as afunction of
time of day (lowest at night) and cloud cover(higheralbedo).

Table 2 summarizes the prefericdmcarisof primar y buoyancy for planets which have
atmospheres which can support balloonsand theirpayloads.

“Jable 2. Prcfericd Means of Primary Buoyancy
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TPLANIZ SURFACIE SURFACT. “ “ PRIMARY  MO] JiCUIAR  MEANS OF

PRESSURE  TEMPERATUR:: CoMPOSIT ION WHIGHT PRIMARY
e ——BARS) (33— .o —-__BUOYANCY
MARS <01 200 750 Co, 44 1, , le
EARTH 1 L300 N, 28 1, or He
ViI:NUS 100 750 O, 44 H,, Yic ,1120 or
NI,
TITAN 15 90 N, 29 H, or He
JUPITER 10* I TTHCTTT Pure } 1,01
SATURN 10* 200! 1, 2.0 "Hot air balloon”
or

URANUS 10* 3001 H, 23 "Infrarcd

. balloons”
NIPTUNI: 10 150'1 H, 23

*These plancls have no surface; tci lp(‘).'dll wres are shown for the 10 bé]'-'llé\'/'ell; """
+ 1istimates based on Model extrapolations, Jupiiciwill be measured in 1995, Saturn in 2008.

Buoyancy Control Using Reversible , 171 pids:

Acrobots designed for long, - term operatiomn planctary atmospheres require methods of
altitude control that arc both cuctgycfficientandinvolve minimal expenditure of
consumables. For plancts which have tropospheic atmospheres (like found at Venus,
Earth, Titan and the Outer Plancets), a closed system reversible-fiuid balloon can usc the
natural] y occurring at mospheric temperitune decrease with increasing altitude to drive a
heat engine, providing the mechanical cnery y needed for altitude. change.

A reversible fluid is either a gas o1z liguid, depending on pressure and temperature. It is
this phase change which can be used to control the. buoyancy of a balloon system. When
the reversible fluid isin the. gas phase, the balloon has alower average density than the
surrounding atmosphere thus providinga netinercase in lift. Conversely, when the fluid
is in the liquid phase, the. balloonhasulngher average density than the surrounding
atmosphere thus providing ancgative L1fi. 1 :pure | ill ustiates the concept of dual-balloon,
reversible-fluid atitude control.

in 1993, JPL. began cxploring concepts furschieving both the high, coo] altitudes for
balloon oscillation, and the ability to tapireversible fluids for balloon descent to the
surface where scientific obscrvations can tHemade (Jones 1995), ‘1 ‘he. first cone.c,pt
considered by JPL. used a two-balloon sy stein with the main balloon filled with helium
and the secondary balloon filled yith s reversible fluid like methylene chloride (heavier
than CO2 as a vapor). The systein i< dusign-d to be neutrally buoyant when about half
the reversible fluid is condensed. Suctia batioon would exhibit foreed oscillations about
an equilibrium altitude of about 56 kniat v(1us. Descent would be initiated by trapping
the methylence chloride in a pressure ve ssel thofore the balloon descends below 56 km.
The amplitude of oscillation is expected o b afew kilometers above and below the
cquilibrium atitude. Vaporizationis cnhane od below 56 km by usce of a heat exchanger
dcsifgl 1, which prevents the systemifiondipping too Jow every cycle. The high-altitude
oscillation phasc can be uscd to genciate ¢les trical energy from solar cells, transmit data
to Earth, and recool both electronic pack age s and phase-chan ge-based heat sink materials
(c.g. wax) for later descents to the sw fuce. Opening a valve. relcases the gas to refill the
secondary balloon causing the systcit toetun to altitude.

AIJIVAN J}IOF171'1.03 &DISCUSSION
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Figurc 1 Concept of dus! balloon, reversible-fluid altitude control.

Phasc change balloon acrobots had i ¢ vioudiy been evaluated foruse on the atmospheres
of the outer gas plancts of Jupiltcr, Satuiy, Uranus, and Neptune [ 1]. Ammonia appears to
be the preferred phase change fluid o1 Jupiter and Saturn, with a stabilization altitude of
shout 10 bar, while methanc appears optimat for Neptune (3() bar) and Uranes (4 bar).

Reversible Fluid Buoyangy. Control Lirui tations

Although reversible-fluid altitude contiolsis en extraordinarily powerful technique, it has
some limitations. Onc is its inability (o modulate the rate. of descent to a planetary
surface except by evaporating fluid. ‘Th usc of variable gcometry surfaces might
augment this capability by allowing anincrcase innominal dc.scent rate. A sccond
limitation is that reversible fluid altitude control only works in planctary tropospheres
where. tcmperatures drop with incicasing altiode and where reversible fluids can be used
that change phase within the altitude renge that iSto be explored. This is the case for the
tropospheres of Venus, Earth, Titan, and the outer planets. 1 lowever, reversible-fluid
altitude-control techniques cannot beuscdinplanctary stratospheres where atmospheric
pressures arc low and the temperature changes very little with incrcasing atitude, and can
even incrcasc. For example, the thin stmosphere of Mars has no troposphere, in effect
prohibiting the usc of reversible flwdsloraltitude control. Accordingly, other
approaches to reversible altitude contr olare needed, such as reves sible chemical reactions
with the atmosphere.

Roboti¢ Balloon Capability
What is an Acrobot?
The concept of robotic acrovehicle o “acrobot” IS a powerfulnew approach to in situ
planctary exploration. Wc distinpuish anzerobotfioma conventional balloon when it

has onc or more of the following fourcluacicristics:

1. The ability to autonomously detesming its position, altitude, and velocity without
intervention from the ground orby asuppor i spaceerafl.

4l
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2. The means of executing, cyclical «litude variations abouta mean altitude in the
atmosphcere.

3. ‘I-hc capability of controlling altitudcand executing a designated flight path within the
atmosphere.

4. The capability of landing atadesignasted surface location.
Using Altitude Control (o Achicve Latgral Mobility,

By controlling vertical mobility, acrobots can select atitudes where wind spcecds and
directions provide a wide range of huricontal mobility.  ‘I’hisis especially truc at Mars
and Venus where the occurrence of altitud. vatiable wind gradients enables  near-gobal
planctary access.

The 1985 Vega balloon experiments explored the. Venus middle cloud layer at 50-55 km
altitude. Vertical winds were foundto belarge (3m/s) and variable, with turbulent
episodes lasting about an bout. Iast-to westaverage zonal winds of about 69.4 m/s for
Vega 1 and 66.0 m/s for Vega 2 were detecied. Both Vega balloons drifted about 11,000
km from the local midnightmcidian into the late morning, sky, carried by strong,
predominantly zonal cast-west winds,

Vega 1 initially encountered weak southwi d winds, which changedto northward winds
later in the mission. These mceridional (north-south) winds produced north-south
displacements in the Vega 1 tajectory that never exceeeded 50 km.  The Vega 2
meridional winds were consistently norihw ard with a mean velocity necar 2.5 m/s (Crisp
ctl.al.1990), which produced more than 40K kin of displacement toward the north pole.

The zonal (cast-west) wind profiles acatunction of altitude shown in Figure 5 were
obtained from the several Venuspobesand landers (Moroz.1994). These profiles
indicated that above 10 km altitude thes¢iv @ monotonic incrcasc inzonal wind velocity
with increasing altitude up to ncarthe top of the. clouds (- /(I kin). observed variations
among the different data sctsare peS«ibly due. to variations inprobe entry position,
according to the local time of day onVenus, anti the phase of a wave motion that circles
the planct with a 4-day period. 'I'hcse variations illustrate the. need for better information
on the global atmospheric circulation and is the. objective of a future Venus mission.

Once postulated model for the circulation of the atmospheic of Venus (Schubert 1983)
appears in Figurc 6. On Venus, the atmospt writ and sut-face temperatures at the poles arc
very little different from thosc atthe cauvintor. Since Venus is a slowly rotating planet, the
transport of heat from cquatorto pole is believed to involve a series of Hadley cells.
Early balloon flight experimentsint he Venus windswillbe needed to characterize the
parameters of the circulationand will provide the knowledge necessary to. usc these
winds for global mobility inmore sephisticated surface reconnaissance missions in the
deep atmosphere.
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Fig. 6 A. Postulated Venus Global Circulation Model
Soft 1.anding

Soft landing of science payloads onplimetsuifaces is achicved by means of a
flexible and possibly robotic landing "snake tetheied below the vehicle. As the
snake contacts the surface, it 1clicves the vehicle of some of its gravity load. This
cnablcs the gondola to “hover” at a fi x«l dis tance away from the surface without
impacting it.

Navigation, Control, and MissionPlanning

Autonomous_Stale Estimation. A non-board au tonomous estimate of position is needed
for all of the future acrobot missions. ‘T'he state variables that would be estimated include
position, altitude, velocity, and angula valocity. Not al of these will be needed in a
given acrobot mission and the accurscy 1 equired tnay vary from mission to mission. For
thosc mission concepts that do notincorporate actve altitude  control an Autonomous
State 1 istimator (ASE) cnables remote-sensing targets of opportunity to be identified from

an on-board prioritized target Jist For those missions that have active altitude control and
the potential for modifying, the flight path i (provides the cssential data for navigating a
desired flight path. For those miissionsinvolving landings, additional capabilities will be
nceded for the terminal descent pha e,
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Radio metric position and velocity micasute mients can be made by observing the acrobot
radio signal from the Earth or {1015z commmunication relay orbiter. These measurements
will not usually be available continvously ind the 1esults must be communicated to the
acrobot before they arc useful. Inaddition, for radio metric measvrements made on
Earth, there will be a significant dclay inmecasurement associated with the round-trip
light time. According] y, an ASE 1clying 011 acrobot sensors, iSncccessaty for timely and
complete information for targeting and ‘o1 fh:pht path control.

On-board sensors could include. solsrorstar trackers, surface imagers, surface radar
range/IMpplcr scnsors, magnetic ficld sensors, andinertial sensors. ‘I'racking an orbiter
radio beacon from the acrobot (similari 11 concept to Farth - based GPS systems) to
determine the acrobot's state variables, is another option. The sensors and associated
signal-processing clectronics must be compact and Jequire very low power in order to be
accommodated on the acrobot.

Output of the ASE is provided io thccontroller of the remote-sensing payload which
cnables the acquisition of targets of oppotiunity from aprioritized target set stored in the
acrobot memory.

For Venus missions, the cloud- shioudcd atinosphere makes celestial references
impractical, but surface referencingis atactive. Imaging inthe infrared region of the
spectrum yiclds maps of surfacc tempera vee that correlate strongl y with atitude. 1t is
possible to match these data with alov-1 csolution map of Venus topography obtained by
the Magcllan mission. Monitoring the 1admetric parameters of a known radio beacon
of an orbiter provides furthcrinformation that can be used in the velocity estimator
process. Velocity mcasurements canne acqguired from fi amt.-to-frame correlation of
repeated images as the acrobot diifts overthe sw face. For both measurements, gyro and
accclerometer measurcments of therotatimis 1 state of the acrobot canbe used to establish

the orientation and pointing, of the scnson,

For a Mars mission, the abscensc of cloudsa the at imospher ¢ makes celestial references
(Sun, stars) practical although the occurtence of dust storms may degrade stellar visibility
during both day and night. ‘Theuse of asimple Sun "sextant” sensor has merit. This
sensor idea is attractive becauscthelocat ion of the acrobot canbe constrained by
measuring the elevation of the Sunztaknowntime. A definitive. positional measurement
is feasible if the solar azimuth caubencasored with i stable azimuthal reference.
Simultaneous measurements with animag g scnsor during, the day could be used to
determine velocitics with a sitilarappioachio that discussed for Venus.

1/or Titan, the Cassini mission is expeted (o provide radar maps similar to those already
obtained for Venus by the Magcllaniission. owever, thermalimaging of altitude at
‘I'ifan by the acrobot, is impractical ducto the extremely cold conditions. Radar
altimetry, visible imaging or "Saturn' sensors may permit positional referencing to the
radar map, but they have not beeristudicdd. Velocity incasurements could be acquired with
Doppler radar or with repeated corpelated visualimaging.

For outer planet missions, with u(i sutjace 1eferences and no access (o celestial
references, other sensing approachesaie needed. Fortunately, all these planets have
strong magnetic ficlds offsct{rom thcinotist ion axes. This should enable measurements
of both latitude and longitude to be miade with useful precision as well as providing the
azimuthal orientation of the aci obotscnsorplatform.

The preceding discussion of scnsors waspiimatily in the context of global positioning
and navigation. When landing aciobots at designated landing sites, reference to detailed

10
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surface topography orimaging of the 1 pet arca and its surrounding is nceded.
According] vy, a referenced database would 1 loaded in the acrobot prior to the terminal
descent phase.

Requirements for On-Board Sensorgnd 'erveption System

Onc of the critical capabilities thatsnacrobotwill have is that of on- board localization of
the acrobot with respect to the planct, a knowledge of the vertical and horizontal acrobot
motion, and the dctermination ofthe att tude of the gondola on which the various
suentlflc instruments may bcmounted.  An on-board sensor and )(lccpllon sysiem
would provide these capabilitics insuppoiof global navigation ¢ (mdl path planhing,

descent and landing opcrations, qnd scicnes instr unn(nt‘p(nnlmg The s ty%t(‘m basically
would answer the following guestions § jonn the point of view of an ficfitious observer
riding. on the acrobot: where arn 1; whereani going; and whatain 1 looking at’! In order
for the. acrobot to develop such anundes standing of its location and orientation, it must
carry withinits on-board computera hiciarchy of sensors and state estimation algorithms:

1. yemgal Motion Detgrmingtion; This is aKalman filter which takes pressure and
vertical air-speed measurements, combinesitiese with arelatively simple on-board model
of the acrobot up and down motion, and preduces a continuous estimate of how high the
acrobot is with respect to a selected ref crence altitude.

2. Platform Attitude Detenmingtion ‘Triasisa filter which takes accclerometer and
angular rate gyro measurcments, combines these with a simple pendulum-like model for
the platform attitude dynamics, and produces continuous estimates of the platform
altitude and its angular rates. Thiscstimatorisused to trigger the science camera to
acquire scicnce images at Jow-rstcinstante andto acquire navigation images at nadir-
pointed instants.

3. Incriial Translation Deictmi auen; 1°his ittertakes aceclerometer and rate gyro
data, combines these with a simpl [1ed translation dynamics model, to propagate the
lateral position of the acrobot undei “blind’ conditions in which dircct measurements of

the acrobot position arc available.

4. Ground Track I)gtglmimuim Chis s a filter which takes localized wind-models,
together with successive image and Hointing information, in order to estimate the ground
track velocity and position. The imaging iii{’ (~rnlatiol~ is augmented by using the incriial
sensor predictions emerging fi onithe inertis translation determination process above, in
order to simplify and improve. thecacculacy of theresolting g ound track estimate.

S. slobal Navigation Updates: Topiovide global knowledge of the acrobot location,
in a coor mate sysicm attached to therotating planct surface, ancstimator that carries the
acrobot location as its primary states is under development.  ‘This esimator monitors
global events such as crossing of the tenmnator between night and day. Other type of
data could be adoppler beacon profile fronanorbiting satellite. The global update could
aso come from an Earth-based V1.R}approach, although this would impose additional
requircments on the hardware 1o becardied on-board in order to provide such a capability.

Typical Scenario. The typical scenaricin which all of these capabilitics would work
together is as follows. The ver tical motion ¢stimator would be operating, @l the time, and
would therefore be operating st the smatlest time scale. Asthe acrobot dips low into the
atmosphere as part of adeep oscillation, thovertical cstimator triggers start of the ground
imaging bascd on the velocity cstimate. ‘Theinertial sensorattitude and attitude rates arc
then used to trigger a scquence of navigation and science images. Ground track velocity
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cstimates arc refined as the aci obotpesses its lowest descent point and begins climbin up.
Ground imagery loses quality,andthcaciobot switches 10 a purcly inertial means of
determining its lateral position. Asthe act orobot ascends, sun-sensor data (if such datais
available) may bccomre morc (ili cctional andis used to cstimate acrobot planetary
position. An orbiter beacons is dctected. 1 he shape of the doppler fiequency changes
from initia acquisition of frequency to loss of-signal constrains the acrobot position. The
terminator crossing provides similatinfonmation. Error covariances arc marked down,
and the filters arc rc-initialize.d. Previous data is 1on “backward” through a data
smoothing algorithm in order to 1efn ¢ cwliciposition estimates.

Such a scenario, while relatively casy 1o describe, presents significant technical
challenges. The single major challenge i due to the. uncertainty in the global motion of
the acrobotas it moves over the plancisurface. On-board models for acrobot motion and
for wind arc likely to be accurate only within a relatively short spatial scale. The error
covariance of the acrobot position cstimates are likely to grow rapid] y, in the abscnce of
direct mcasurcment data of the acroboy positiem. on the other hand, such direct estimates
arc not easy to acquire.

Allitude Control and Navigation. Al on-board Altitude Control and Navigation (ACN)
systcm guides the acrobot to a desite d Joc ationabove or at the planctary surface. The
ACN system receives the location of adesil ed targetexpressed in latitude, long itude, and
altitude coordinates from a ground sgation on Earth,

This target-site-location informationis i (( vssed by a global trajcctory generator (GTG),
which predicts a flight path that thcacirobot must schieve in order to getto the desired
terminal dcscent entry corridorand genersles acommand list for the altitude controller
that is designed to realize this{lightpaith,  The G'1'Guses a simplified on-board
atmospheric mode] based on the bestavaiiable information (global circulation model)
about prevailing wind conditions atvarious altitudes and s model of the reversible-fluid
altitude-control system. Other inputs 1O the GTG arc thermodynamic parameters of the
ambicnt atmosphere and the altitudce controlsystem from on-boar (i sensors and the initial
location and velocity of the aciobotfron the ASI <.

Incvitable uncertainties in the windmodelnmecan that the. predicted flight path will have
significant uncertaintics. The ACN sysieio compar cs the predicted flight path with the
actual flight path from the ASE and, whendeviations exceeda prescribed threshold,
issues commands to the flight contrcllero update the flight path so that the acrobot
achicves its targeted destination. (“hat iges o the profile will not be made continual] y but
only at a small number of disct ¢te points inthe trajectory.

An altitude controller is at the core of theoverallaltitude control and navigation systems.
Control in altitude is essential to achicve controlled trajectorics over the planetary
surface. Scmicontrolled movement Jated sl to the uncontrolled flight path is achicved by
combining altitude control with knowlcdpe of the wind direction as a function of atitude.
Results discussed earlier suggest thaton Venus, for exarple, the circulation is inherently
more predictable than that of the 1arih. i Jowever, the wind models will inevitably have
significant errors, and the accuracy of the e sulting acrobot trajectory will degrade asit is
projected further into the future.

Acrobot navigation is avery diffcrent clisss of guidance- and-control problem than is faced
by the navigator of a spacccraft who dcals with highly deterministic gravitational effects
and wc]] defined control impulscs. 1 o: (viiately, the acrobot will have more than one
opportunity to perform the mancuyerne ededto view targets or to reach a terminal
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descent region. Several circutnavigation trajectorics Inay be necessary to gradual ly
reducc the trajectory errors and 1caclithe d signated destination.

While the goa of controlling the trejectory and landing location of a lighter-than-air
vechicle is challenging, a promising precedent exists in terrestrial telcoperated balloon
experiments in the 1960°s whichhave veed helivin vent ing and ballast dropping for
atitude control. These experiments V. ere motivated by atmosphet ic scientists interested
in examining morc than onc veriical slice through the atunosphere and by engincers
interested in using balloons as missiletatgets, ((Gildenberg, 19“/(1{.

Acrobot Operations, In this section, @ciobotcapabilitics arc cxamined that can enhance
the exploration potential and the scicntific return fiom amission.

1.) observing Targets of Opportunily  ac¢onventional planetary balloon mission, makes
observations that arc essentiall y random atong a poorly known flight path. An acrobot,
equipped with a basic capability forautonomous position determination, can provide a
major gain in balloon capability by being al ¢ to observe targets of opportunity.

As previously discussed, AS}’ outputcanbe made available to the controller of the
remote-sensing payload, whichalso Il: s zoeess to the Jocations of a prioritized set of
targets of opportunity stored inthcaciobotmainmemory. Inthisway, scarce ciata-return
resources (storage and telecommniunicar 10111) are 0111 y allocated to the highest priority
targets traversed by the acrobot

Even without an ability to chanpe 1-i wgh path, this method represents a substantial
increasc in capability over a conventional halloon. In the case of afree flight reversible
fluid balloon which ecxccutes cyclicaltitude vari at ion, an additional condition for data
collection would be the altitude atwhichdata arc acquired. limages from the lowest
points in the acrobot trajectory would bo ox pected to be of much higher quality than data
from higher altitude.

This level of vehicle control can also be usad to deploy smallinstrument packages to the
surface of planets provided the: change inbooyancey can be accommodated or even used in
lieu of arcversible atitude-colltto] system.

2.) Control of Flight Path: 1'he. goalof s1ight pathcontrol is to maneuver the acrobot
from its initial 3-D atmosphcric locationto anapproach position where low-altitude
observations of a designated tatgctcanbe conducted or landing operations can begin.
Periodic command and navigation v pdate s will be required. For planctary acrobots,
communications arc possible only wh.nthcacrobot ison the nearside of the planct unless
an orbital relay satellite is used. ¥iven thin, communications may be limited. For an
acrobot in the upper atmosphcic winds of venus 50-60" km altitudc, the Earth is out of
view for 3 to 4 days during every Gto & dayvs "orbit” around the planet.

The acrobot uscs a simple on- boar d wind pattern model for trajectory generation. This
wind model is analogous to the workimoddel embedded in a conventional robot to map
obstacles. An acrobot's wind modal captures planctary wind behavior in terms of
prevailing wind directions, windvelocitics vectorditections as a function of altitude,
vertical down/up drafts causcd by windpicsing over the surface caused by topography,
cloud-cover, and day/nightinsolationmodels.  These comprise relatively simple
computer models suitable for on-boarduse and are not complex metcorological models.

Data from prior planetary missions, c.g., M enos (Crisp etd., 1990), provide a start for
such modecls. Challenging mancuvers nclude long long itudinal traverse, equator
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crossing, and latitude change. Initially, there will be large uncertaintics in global
navigation. Early efforts will thercfose focus on reaching regions of fairly large size, or
of reaching targets of opportunity, instcad of trying to achicve pin-point landing at
specific gilts.

3.) Termina Descent Strategy. Pora Venusactobot, terminal descent starts at a corridor
upwind of the desired landing site.  tor Venus, previous Vencra and Pioneer Venus
probes have determined a vertical puofile in wind speed ranging fi om about 100 m/s at
about 65 kni to near zcro atthe sut face (Crisp ¢1.a1.1990). The current uncertainty in
wind velocity profilesis about 20%.

Uncontrolled descent only lands the velucle solnc.where along its wind-driven path.
Controlling the descent rate allows the target to be achicved, provided wind and
thermodynamic profiles arc nominal and the descent startcorridor is chosen correctly.
To land at the required targct, the nont i nanrdescent rate is matched with the expected
horizontal wind velocity. A more advinced approach uses on-board sensors to
iteratively estimate the likeliest landingpoint, and continually adjust the descent rate to
guide the vchicle to the prescribedsite.  <hisincreases the reliability of achieving the
target along the wind-driven path, but a <o increa ses system complexity. Controlled
descent is particularly challenging with reversible-fluid altitude control since the
mobility mechanism available to therobotasitgoes down is one- sided. The descent rate
can only be made lower, not faster.

Nenus Acrobots

Although more than 20 missions have (lowr [() Venus in the last 30 years, the exploration
of this "sister" planet to Earthis stillinitsmitial stages. 'T'he hal sh Venusecnvironment
has prevented any intensive. exploration of the surface and deep atmosphcere. Venus is the
only planet which has been cxplored vithacrovehicles. Itisanatu active target for future
acrobot missions because of its barsh,highp ressure, high-temperature. environment. An
acrobot can enable many kinds of obscrvations which | nay be impractical to obtain by
any other means. Robotic balloon vehicies may have an important role in the post-
Magellan exploration era. A Venusrobotie balloon or acrobot has been identified by
NASA as a high-priority candidate forthe nextmission to explore the Venusian surface
and lower atmosphere. The high surfacetomperatures (740 K) and pressures (95 bars)
arc a challenge to space systcms and scicnec instruments. These conditions also present
an opportunity to exploit the encipy a viii lable from the Jarge temper ature difference
between the surface and the upper atmosphiere. Venus acrobots will usc the hot Venus
surface heatto evaporate fluids to f 11l a halloon on the surface, thus assisting ascent to the
cool upper atmosphere. The clectronics v ill then be cooled and the balloon fluid will
condense, allowing re-descent of the balloon system. A Venus acrobot vehicle spends
most of its life in the upper, cooleratinosphere with frequent, shor t excursions near or to
the Venus surface for scientificinvestipations,  This paper will describe Venus
acrobot/balloon mission and systeni concepts and the importantincasurements which can
be made from this now type oflow-cost o . life, insitu exploration vehicle.

Global radar mapping by theMagcllanspocecrafthas provided the first comprehensive
assessment of the geologic charactctictics andevolution of the Venus surface, identifying
a wide range of volcanic features and (Cx tonic landforms. On Harth, radar data arc
commonly combined with comnplementay inforimat ion acquired in the visual parl of the
spectrum. The lack of the.sc dataforVenus, along with the moderate, ~100 m, spatial
resolution from Magcllan, raisc many questions regarding the geology of the Venusian
surface and the interpretation of the vadardata. The Venusianatmosphere and surface
temperature and pressure posc unigue che | lenges for imaging the sur face because the
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densit y of the: aimosphere, coupled withils constituents, restricts the altitude at which
visible imaging is uscful. Aciobotinaging concepts are being studied which can obtain
imaging in the near IR (0.9510 1, Tmicrons) athigh altitudes, where the visibility is
rclativel y good at these wavcelengths, andinthe visible part of the spectrum (-0.7
microns) very near the surface (<5 k.

The atmospheric composition of Venus and the nature of surface-atm osphere interactions
remain as significant science issucs. W conrently have no informationon the chemical
composition of the atmospherc below 20 kni altitude where over 80% of the atmospheric
mass resides. Scveral fundamentalseicntific questions relating to atmosphere chemistry
and surface-atmosphere interactions can be addressed by in situ measurements by
suitabl y instrumented acrobots including t) What is the mincralogy of the surface? 2)
What is the chemical composition of the lower 20 ki of the atmosphere? 3) What is the
oxidation state of the surface’! 4) Whatis the identity of the high dielectric materials
(metallic snows) present onhigh clevations® and 5) What is the nature of the sulfur cycle
that is responsible for the global cloud cover ! Instrumentation concepts arc being
developed for usc on acrobots which canniake measurements of” atmospheric chemistry
in thc lower 2.0 km.

Two big questions relating to the atnosphe e sttacture of Venus are 1) What causes the
supcrrotation of the atmosphes €1 and? ) What is the nature of’ the Venus greenhouse?
The atmospheric circulation inthelower 20 km is very important to the answering of
these questions. These questions can be eddressed by making measurements in lower
atmosphere of temperature profiles, veriica | and horizontal winds, and optical properties
like solar and IR fluxcs. 1.0JIg-life aciobots can make periodic and Systematic soundings
from the 60 km to surface at a varicty of latitudes and longitudes and at different times of
the Venus day in order to make these 11 npor iantimeasurements.

Balloon Experiment at Venus (Bl V), Auinexpensive flight demonstration of reversible-
fluid altitude control, called Balloon Bxperenent at Venus (BEV) has been deve.loped as a
possible piggyback to 4 NASA Discovery rrogram mission (DiCicco et al., 1995). The
BLEV flight demonstration wouldicfine on-hoardnavigation designs by characterizing the
robotic vchicle and on-boardsensoropeiation. It would relay data acquired with a
mapping sensor directly to Farih.

The BEV system is designed to be a passive, free-fli@t balloon which uscs ammonia as
the primary buoyant gas and wateras thereversible fluid (o enable altitude cycling.
Figure X illustrates the opcrationphascol the balloon system which could oscillate
indcfinitely from 60 km to 40 km oipethaps as low as 20 km in altitude. depending upon
balloon envelope material heat 5 esist ance.

Yenus Elyer Robot, This aci obot wouldincorporate all four of the acrobot  attributes
previously discussed. It would use autonorous navigation and control to enable repeated
short observations of the Venus swifuce overlong dur aion.  *Jhe Venus Fl ycr Robot
(VER) would conduct remote-set ising visual and infiarcd-imaging observations from the
middle atmosphere and make bicf ex.cursions to the surface to sample the surface and
near-surface atmosphere using a balloon envelope capable of operating at those
temperatures (Yavrouianet. a., 199S5. T achicve global mancuverability, the VER
would exploit its atitude-c.o)it rol capab i lities to access regions of the atmosphere with
favorable north-south winds (Cuttsct.al , 1995). Using autonomous navigation
capabilities and these winds, VIR couldyove to particular sites of interest to make
remote observations and to land
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The VER would use a water/alntliollifi buoyancy system similar to BEV except that in the
casc of VER the vaporization of water would be controlled. 'The system would cycle at
high altitude until it senses thcapproschtoa targeted landing site when the VER's
buoyancy control system would containthe watt.t ina pressure vessel allowing the
vehicle to descend to the surlac for scicnee operations. Figure Y de.scribes a typical
opcration profile.

A Venus acrobot has been identi hcdby s NASA science group as a high-priority
candidate for the next mission 10 cxplore the Venusian surface. Maat Mons, a volcano 8
km above the¢ mean surface level thaiicabout 60 K cooler than the mean surface
temperat urc, has been proposed as i site of scienti fic significance and accessibility.

Titan Acrobots

Saturn’s largest moon Titan orbits once vy 16 days at an altitude of about 1.2 million
kilometers above the atmosphcic of thiciii]} ~.(1, gas giant.  Titan's dense nitrogen-wrganic
atmosphere makes it a uniquely intciesting vbject. With a diamcter of5150 km (between
the Moon and Mars in Size) itmayresemble the Galilcan satellites, but its surface is
hidden beneath organic hazc suspe ndedina nitroges - methane atrosphere with a surface
pressure of 1.6 bar. (The only other nivopen-based atinosphere is that of the Earth.)
Only about 10% of the sunlight on ‘1 itan reaches the surface. Titan's temperature falls
off, from the “warm” 94 K {foundatthe surface, at -0.7 K/kmn to about 73 K at the
tropopausc near 40 km. The atmosphercisyery extended, with a scale height of about 20
km. The winds arc expected to belight at low altitudes (circal(Om/s at 10 km altitude)
and flow in a zonal (E-W) dircction. Recentimages by the 11 ubble Space Telescope
indicate that Titan has a varicd suwi{ace, perhaps with active resurfacing processes
occurring, including icc volcanisin, micthane rainfall, and pools or lakes of liquid
hydrocarbons. Methane at Titan would sct s an analog, to water on Earth participating in
geothermal, erosive, mcicorological éncl photochemical processes. Figure 7, illustrates
the environment of Titan.

Naturaly, such an intriguing worldhas1cceived close attention. Despite aclose flyby by
Voyager 1in 1980, many mysterics s eiainas Voyager's cameras could not penetrate
Titan's thick haze. However, Voyager dota indicated the pressure and temperature
structure of the atm osph cre andidenthiedinany of its constituents. Launched in 1997,
the Cassini mission will begina 4 yc:tour of the Saturnian system when it arrives in
2004. Cassini will greatly improve our knowledge of the surface of Titan as well as its
atmosphere. An ESA parachute- boredeseentprobe called 1 luygens will be dropped into
Titan soonafter Cassini's artival (o analy/c the 'I'itan atmosphere and to image the
surface. Cassini orbiter radar,infraicd, imasging and other remote and direct sensing
observations of Titan will be carricd ontas well its 1adio occul tations on the many Titan
flybys currently planned.

1.ong-duration in-situ exploration by a '1'it an act obot offers the possibility of greatl y
enhancing the science return fiom (Cassiniinvestinent. in the case of Titan, a reversible
fluid like argon is either a gas or aliquid, depending on pressure and temperature. This
phase change can be used to conti ol the buoyancy of a balloon system. When the argon
Is in the gas phase, the balloonhas @lower average density than the surrounding
atmosphere thus providing a nctincicase inlift. Conversely, when the argon is in the
liquid phase, the balloon has ahighciaverspe density than the, sur rounding atmosphere
thus providing a negative lift.

onc exciting ncw mission cnabled with this buoyancy technique is @ Balloon Experiment
at Titan (BETA) which could utilize the Cissinitelecommunication relay  capability in
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Saturn orbit by 2004. Thisnission would employ advanced telerobotic, materials,
microclectronics, sensors and thermal/mectamical technologies. BETA would be the first
mobile in situ vehicle to explore the permanently shrouded, eryogenic surface and
atmosphere of Titan. Figurc AA illustraies a typical flight profile of BETA mission
which would usc argon as a rever sible fluid and helium for primary buoyancy.

A Titan acrobot could make. asignificant(ontribution to the exploration of Titan by: 1)
characterizing surface morphology atvery high-1cesolution below the haze layer and
improving and extending the inter prct:tion of ground- based, Hubble Space Telescope and
Cassini radar observations; 2)masking ]Jow atmosphere chemical composmon
mcasurcments; sampling sutface (1 mmo& solid) chemistiy and “mineralogy” at
designated sites; 3) contributing (o the unde rstanding of globalatmosphere circulation by
making precise wind speed micasurenents and 4) performing a global inventory of
surface volatiles (estimation of surface layeringand the depth of lakes).

Among possible elementsinthe science payload include a ncephelometer/absorption
spectrometer (to measure cloud opacity and methane abundance) using laser diodes,
imagers (operating inatmospheric windows in the ncar- infrared) looking down (for wind
drift mcasurcment and mapping),sidcways (for topography) and upward (for navigation,
using the sun and Saturn), advancedsolid state detectors (to imcasure surface chemistry
and IR propertics) and a simple 1adio altiincier/sounder to monitor vertical motions and to
investigate the surface.

Mirs Acrobots

Untilrecently, the 1998 robotic ¢xpeditions to Mars were. toinclude a French/Russian
Mars balloon system. ‘I"his balloon aission has now been canceled in the wake of the
collapsc of the U. S/Russian jointMarsaopether activity for the 1998 Mars opportunity.
At the same time, pressure has come to beatonthe 11, S Mars Exploration Program to
keep it exciting by including mnission clements that are challenging to the scientists and
engincers and engaging to the public.  Among the new, interesting options  being
investigated directly by the 11. S. progiamarcrobotic balloons.

In general, baloons have highceaplorar 1011 potentialincluding the ability 1) to survey
surface morphology at ultra highieselutionto obtain insights into surface features and
processes such as acolian activity and volcanmism, 2)to scarch globally for volatiles such
as permafrost, 3) to make in sittincasurements of global circulation, 4) to obtain high
gpatial resolution IR transects of swilace cornposition and thermophysical properties to
usc as “ground truth” for globalo: bitaldats, and 5) to deploy very simple, lightweight
micro-packages at designated site.s a long tluflight path.

A low-cost Mars balloon mission and systcinconceptis being studied at JPL. and its state
of technical readiness is being evaluatdfor apossible U.S. Mars balloon mission for the
2001 mission opportunity. This missionconcept is constiained to the usc of a Delta-Lite
launch vehicle,. The entry systenisare based on the hardware curientl y being developed
for the Mars Surveyor landciinl998 ('l smmunications to and from the Earth is by
means of the Surveyor orbiters Using sysiems developed to relay lander data. Key
assumptions on the mission arc the use of 1) a constant density altitude superpressure
balloon systcm without landing capability, 2) a 10 kg gondola with up to 3-4 kg of
science instruments, and 3) Maisnosthero hemisphere entry and fright (the high
topograph y of the southern hemisphes cmakes balloon deployment and flight there
extremely difficult). A possible psyload o this mission could include high resolution
imaging (1()- 20 cm pcr pixel), thernal carission spectroscopy at ] (X m spatial resolution,
and ncut ron spectroscopy to sc archi f o1suhsiface wter.
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As advanced planning cvolves for Mars explorati on, the role of acrobots is being defined.
Future Mars missions are expectedtoinclude longerrange roveis and sample return
systems. When the surface knowledge requirements for landing from direct entry
trajectories and for long rangcindependentiovers are considered, high resolution
imaging (25 cm resolution) is highonthe list of prior itics. From Mars orbit such
imaging is very difficult and cxpensive to obtainrequiring large focal length telescopes
to be placed in orbit about Mars. 110111 o Mars acrobot, such imagery can easily be
obtained at 3-4 km altitude using statc of-1111 . . . . artand incxpensive cameras. Imagery from
long duration Mars balloon missions ¢re ¢eriain to include 1egions of potential interest to
Mars exploration planners.

Jupiter Agrobots
(SCAN IN NEX'T TWO FIGURES)

A Jupiter IR Montgolficre Aciobott (1 RM A) concept could usc the interna radiated
Jupiter IR flux to heat ambicntatmosphere that was collected upon initial descent. As in
the French IR balloons on Eai(h, theradiant upwelling of heat would balance the natural
convection cooling from theballoon,  Radiant heat goces as the fourth power of
temperature, and natural convectionis proporiional to the. {irsl power of tecmperature
(i ference. Natural convection gocs as the 1/4 power of pressure, and is thus very little
affected at these pressures. Natwiz!convection also goes almost as the inverse of
molccular weight, and thus it can be cx pected to be at least 10 imes higher for Jupiter’s
hydrogen/hcJium atmosphercasitis forbam ih's air.

IR Montgolficre balloons arc heated by radiation fiom below and cooled by convection to
the surroundings. Assuming (@) thatanlRMontgolficre can capture 90% of the lower
radiant heat, (b) that a balloon cmits noradiative heat to the upper, cooler atmosphere,
and (c) that the Jovian atmosphere molceculaweightis 2.257, we can calculate the size of
balloon that is necessary foincutra buovancy atany pressure (altitude) for various
balloon film thicknesses (Figure ‘/), 1ial loonenvelope mass isdirectly related to balloon
cnvelope thickness.

Next, allowing for a 10-kg gondola(science instruments) and an additional 5096 mass
above the balloon film mass (forsupports, cables, etc.), and wc can calculate the total
mass of the balloon systcm inthe neutralbuoyancy conditionasa function of pressure
(altitude) and balloon thickness (1igore 8). Fromthis graph, it is clear that wc require a
thin balloon film (e.g., 0.5mil). Tnhekrench flew a similar baloon design for their
cxperiments.

(INSERTFIG 7 & 8 FROM MA’I'rl’ 111c[!P4)

Two “point designs” for JupiterInfiarcd Montgolficre Acrobots (IRMAs) have been
considered and arc shown in Table 4. Allowing for al(0% mass increase for entry and
deployment system delivery mass, the total entry masses are. then 120 kg for 2-bar
flotation and about 68 kg for 4 bar floatation. “This latter number is about 14 times less
than acorresponding pure helium balloon for Jupiter.  This difference in Jupiter entry
weight can reduce launch vehicle cost 1omabout $200 400M (Atlas/Titan Class) to
about $60M (Dclta 11 with Kick Stage .



Tablc 4. Two Jupiter IRMA Point Designs

Parameici Design

i) 12
Jupiter Float Preseore, bie 2 4
Jupiter Yhoat Temyperatore, K 210 260
Balloon ) yiametet, m 28.6 10.9
Balloot Thickness, tuicoons 12.5 12.5
Payload Mass, kg 1) 10
Total Foating Sysiein Mass, kg 59.5 34.1
Estimated Eaotry Svsiem Mass, kg 120 68
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One concept for a controllable Jupitet IRMA is to use some type of balloon hot gas
venting system, such as that used by hotair cimergency descent systems here on Earth,
This could be accomplished by nic aus of a sl f-actuated louver control system that would
open at some cold temperature and close ats specific hot temper ature. Another
possibility is to usc aliquid cr ystalfiltewhich changesits IR absorption propertics as a
function of applied voltage. If placed onthwupper inside surface, it could be used to
control the amount of lowc atinosphericheas t that is absorbed. Upward and downward
mobility of 1 RMA could then produce clectical power by means of a wind turbine.

Small, deep atmosphere probes couldbe dropped from 1 R MA that reach down to
pressures of 500 bar or more. 1)ats could then be transmitied to the balloon and relayed
to an orbiting mother ship, which would, I 1 tarn, transmit data on temperature, Pressure,
radiation, gas specics, etc. 1o Larth.i apuie 1 illustrates one JRM A concept for exploring

the deep atmosphere of Jupiter,
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Farth Demonstration Program

Elight Tests of Dual-Balloon, Reversible- Fluid Systems,

Because the Venus high-altitu(ic atmospheie is similar to the Yarih's in temperature and
pressure, wc can demonstrate1ever si ble-fruid altitude control technology in our own
atmosphere. Between 1993 and 1995 we canicd out « series of five flight demonstrations
of reversible fluid control systems. 'T'hese Altitude Contr o] Experiment (Al JICE) tests
were performed with purcly passive dual-halloon systems using helium and Frcon R 114
(Neck, 1995).

In the. Al .ICE project, a very simall (total systemmass <3 kg) two-balloon system is
being tested. The primary balloon is filicd with helium and the buoyancy-control balloon
is filled with a commercia refrigerantcalled R114, which is about 7 times heavier than
air. At Earth atmospheric conditions, R 114 becomes aliquid above 4000 to 7000 meters
depending on weather conditions. A typical Al 1CE balloon systemincludes a helium
balloon, radiosondc, and a R 114 buoy aucy contr 01 balloon. Both rubber latex and clear
polycthylence helium balloons have been i own,  The radiosonde is a slightly modificd
commercial unit which provides an &- lenml(apabilily for balloon tclemetry in addition
to measuring normal pressure, ambicnt teinperature, and humidity. The R114 balloon or
bag (since it hangs from the system ) ic constructed from clear, 2-mil-thick, scamless tube
of 3-feet-wide lay-flat polycthylene fi i, v hich is heat sealed (o achieve the proper bag
configuration. In the most 1ccentflights, the balloon system is fully instrumented to
continuously monitor the temperatures (117 the helium gas and the. R114 as it changes from
a gas to a liquid. These temperatones are measured by very small (14x20 roil)
thermistors, some of which ar¢ paintcd white and arc in protective gold -plated cages to
reduce the effect of solar radiation on the temperature measurciments.

Extensive balloon performance modc hinghas been catried out in the Al JICE Project in
order to characterize the thermodynaniics and acrodynamics of the dual-balloon system in
a given environment (Wuandloncs1995). This modeling is based upon cxtensive
experience gained in the NASA Scientific Ballooning Program (Needleman ctaal., 1993;
Carlson ct.al., 1983).

The first two flights were launched duning the day and employed standard 200 to 300-g
rubber latex helium balloons. Inbaoth ftights, the balloon ascent 1 atcs were seen to slow
at a higher-than-cxpccted condensationaltitude. Howcever, the balloons did not exhibit
oscillatory behavior. Extensive balloonthenmodynamic and aerodynamic modeling and
balloon cnvelope thermodynamic para ructes testing suggested several problems  including
higher-than-cxpcctcd solar heating of the helium balloon (causing greater lift). The third
flight began after sunset in ordertobeticr decouple model paracters relating to effects
of forced convection and drag. T'histhirdflight was identical to the first two flights
cxcept that the balloon systenwas fully instrumented to continuously monitor helium
temperature and R] 14 temperatureasitchauged phase from gas to liquid. After reaching
about 6500 m altitude, the balloon descended as predicted by performance model
estimates until telemetry was lost a tabout2600m when the balloon went below a
mountain range as seen from the 1ccciverstation. Re-ascent before impact was predicted
to be unlikely for this flight becaose the equilibrium atitude during the winter was only
gb'(l)'Ut 4000 m and the R] 14 bag didnotincorporatc aheat exchanger to facilitate liquid
oiling,.

“I”he configuration for the fowthandfifthflightsisillustiated in Fig. 3, This

configuration had two ncw features,namelvaO. X-niilclear polycthylene helium balloon
and an integrated heat exchangerbuiltinto the R114bag to facilitate fluid boiling at low

)
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altitudes. The flight of the fourilimission occorred primarily at night. The total balloon
system mass was about 3kg. Four complei ¢ oscillations between 5 and 9 km in altitude
were recorded on the fourth flight. “These data demo nstrated the basic principles of the
operation of reversible fluid balloons and i | fowed us to make important changes to the
balloon performance model to betterpn edict the behavior of future systems. one key
change was the adjustmentof balloon diap coefficients to better correspond to flight
experience. Figurcashows the missionprofile from this flight, The thin line is actual
data with the post-flight modclfitshownasa bold line. The bottom dtitude profile is the
topography under the ground track. ‘1nhe¢nnddle line shows estimated updrafts and down
drafts during the flight used inthc mnodel ht. One complete oscillation occurred after
sunrise. The “daylight” oscillation wesverydifficultto fitto the. model without evoking
strong updrafts and/or uncertasin eficetof cloudlayers we knew to exist in the vicinity of
the balloon. The next step was to fly a balioon, properly instramented for day flight, in
the daytime.
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Fig. 4. Actua vs Computes Simuleatedidata for the Fourth Al ICE Flight

The sixth flight of this ALICE configuration occurred on September 30, 1 995, The
primary purpose of this flight was i+ testa prototype vertical wind sped sensor and
compare its data with a analysis of upd; siis/downdrafis {1 or-n force balance equations.
Wc arc currently in the process of analyzing ALICY: 6 data, however it appears that the
vertical wind speed sensor peiformedflaw 1 cssly.  The behavior of this balloon matched
the prelaunch predictions faiily well with no fundamental change to the system other than
the addition of awind spced sensor.

Summary of ALICE Resulis and Futwi¢ Hights, Reversible fluid altitnde oscillations
have been demonstrated for ateriestrial cinironment for atwo balloon buoyancy system
using helium gas and R114 reversible fiuid  The perforinance of the balloon system has
been modeled for day and night operations with higher accuracy fornighttime flights. A
prototype vertical wind speed scnsorhas beenflown and evaluated. A large number of
systcms issues have been studied inattempt to understand the behavior of this ncw class
of planetary exploration system. 1 atuie flights will test advanced reversible fluid
mixtures (such as X and Y) whichhave more favorable average molecular weights and
thus higher potential buoyant{ chaupc capahility forthe same payload..ater flights will
also test prototype navigation sensorstor Mars and Venus application.

Planctary Acrobot Testbed

The Planctary Acrobot Testbed ( PA’T v, as conceived to carry out proof-of-concept  tests
for the acrobot autonomous state cslimation (ASY) and the autonomous control and
navigation (ACN)subsystems previoosly described. It builds on the accomplishments
the series of ALICE cxperiments conducicd over the last two years that proved the
concept of using reversible fluids (o indoce ¢ yelical altitude variations about a stabilizing
atitude. The testbed includes two pricipai subsystems: the actobot vehicle itself and a
workstation used for control anddisplay,
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PAT will primarily address the challenges of aciobot missions to plancts and satellites
with solid surfaces ----- Venus, Mars, Titan  In demonstrating the ASE functions, it will
fly some sensors and emulate others 1t will use an advanced terrestrial reversible fluid
system proven in the ALICE progyam

Planctarv Acrobot Testbed Vehicle, “1 he PAT vehicle (Figure 10) uses two attached
balloons: helium in onc provides imost of the buoyancy, while a second, smaller  balloon,
provides altitude control by using aicversible fluid selected as described earlier for
ALICE. Severa reversible fluids aic possible foruse on Earth, each with a different
condensation equilibrium altitudc. A mixtore of Xand Y fluids, with @ condensation
altitude of about 10 km, dependingonscuason, isa suitable fluid. With an appropriate
amount of reversible fluid, the vehicle oscillates bout the cquilibrivm altitude of the
fluid. These oscillations arc"foiced” by the evaporation of the fluid at low altitude,
which increases buoyancy and causcs the bial lo(mi systein to rise and by the condensation
of the fluid at high altitude, whichseducestuoyancy, allowing, gravity to pull the system
down. For the helium/fluid systein, theamplitude of this oscillation is expected to be
about 4 or 5 km.
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'To descend, the liquid condensing i the ¢old upp(lhali of the altitude cycle is trapped
inside a small pressure vessclthus cresting hegatve lift.  The system then descends into
warmer lower atitudes, and cventually setiles on the surface. A landing “snake” keeps
the gondola hovering off the sw facc. Atany pointinadescent, valves can bc opened to
allow the now super-heated liquid to boil @ nd reinfiate the small, buoyancy-controlled
balloon. With a net positive 1 ift, the sy stes ||£,O(<.ll])1()l]l(‘ cooler upper altitudes and
resumes oscillation about the(thbnmn a titude. nis this vertical control, combined
with a varicd and rich wind structurc, thate, menable long term, ¢yclic operations to and
from landing sites on Earth.

The entire PAT vehicle mass is expected to bhe about 25 kg depending upon the degree of

autonomy incorporated, efficicncy of the hearexchanger system and the buoyancy control
margin carried. The gondola systens includes ayemotel y operated or autonomous
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controller> flighttelemetry subsystem, Global Positioning System (GPS) receiver,
geosynchronous satellite-c(J]] Irii~]t]I(ati{, rls subsystem, Federal Aviation Administration
(FAA) transponder, rcedundant balloon cut-down subsystem controller,
structure/insulation and baticr its. ‘1 hereversible-fluid heat exchanger system includes
valves, actuators, heat exchangcifins, atescivoir, and plumb ing,.

The I’AT vchicle aso has a navigation and sensory pereeption complement and an on-
board controller/conlputcr. PA'T opctates in two modes:  teler obotic control in which
commands from a workstation arcoscdto operate the altitude control system and
autonomous control in which these conimanias are issued by the vehicle computer based
upon real-time sensory peiceptionof the balloonthermodynamic state, ambient
atmospheric conditions, and the desircd uctions, i, €., landing at adcsired site.

Initially, many of the, ASE and ACN functons Will actually be implemented in the PAT
workstation. These functions wil | bemigrated to the PA'I vehicle as its computational
capabilities arc upgraded.

PAT Workstation. The PAT workstationw ill be able to display commands and vchicle
status and will support the AS) ‘and ACN functions at high rates. Complementary
functions performed on the. aciobotvehicle will incorporate faster-than-real-time flight
dynamics models of acrobot flight paths.  The workstationwill be used in the initial
telcoperation phase to display t he actual balloon trajectory and predicted trajectories
based upon various control scenatios. Veriical profiles and views of planned balloon
ground tracks will be generated.

Infrarcd Mongolficre Acrobot s

A research program is presentlyundeiway at JP1. to evaluate the usc of infrared
Montgolfiere balloon technology foiusce in the outer gas planet atmospheres. There arc
three prime objectives to be accomplished during the course of this re..scal-ch:

Thermal Modcling. Detailedthermalmode ts will be prepared to predict performance in
the Jovian atmosphere. These model s wi | 1 be updated with data as received from the
Galileo probe in December 1995, JiP1has alrcady been engagedin thermal modeling of
balloons [3], and wc have significantly advanced the state of the art with the highly
successful Al JICE balloon series.  Mod:fications to modeling, will be necessary to
account for a much lower molecularweight pressure, greatly increased gravity, and
anticipated significant variations in thermalradiation levels.

Balloon Matcrials Balloon materisls willbe examined and tested in regardto  selection
of envelope material, infrared absorbercoatings, andreflector coatings. Much work has
alrcad y been accomplished by the J1cricitin the evaluation of matcrial for aterrestrial IR
Montgolficre balloon. The thermal optical propertics of transmittance, reflectance, and
absorbance will bec measured inthe visible (solar) and infrared wave.]cng,ths for the most
promising materials. This informationi « valuable for other potential uses of the
materials, such as for the design of spacecraltinsulation,

Mechanisms. Mechanisms will be examined and tested for deployment, initial fill, and
altitude control. A helium balloonwili 1i ftanempty tetheied J R balloon to height. The
IR balloon will then be remotely discormectd, allowing it to descend and inflate through
an open port in the bottom, similartoaparachute (3 dgurce1(). The bottom of the balloon
will be supported in an open position, asnrecreational hot-air balloons, to allow for
changes in pressure as the balloonascends and descendls. 1 lot gas will always be
maintained in the upper paiiof thebal loon.  The most challenging part of the
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mechanisms area is to dcsign a systerl thar will allow conti olled ascents and descents.
As previously discussed, among the systenss to be studied are a hot gas venting system
and an IR-variable liquid crystalfilinlaycren the balloon.

(FIGURE 10)
Technology Development

Balloon Envelope Materials - (K'1TIN/Andi)
Ask Jovan Maocanin for a draft of his papcr. 111 abstractitfor this section.

gy

Thermal control

There arc a number of areas of thenmalcontol that will require development if a series of
balloon acrobots arc to successfully explore the bodies inthis solar system which have
atmospheres. In particular, the exuciclyharsh teinperatures and pressures of the lower
Venusian atmosphere willtcquire the development of lightweight vacuum dcwar
technology that maintains its integtityatpressutes up to 93 bars and temperatures up to
460° C.

The inner payload must be theimallyisolated auing operation, but yet must be supported
during atmosphere entry, wheie forces maytempor atily exceed the 500 level. When the
acrobot rises back to cooler temperztue ¢s in the. uvnper atmosphere, it must quickly reject
its heat by means of athermal switch, svchigagravity ieflox heat pipe, which is a small
hollow tube partialy filled with arcfriyciantfluid such as ammonia.

For acrobot flights in the athiosphere of '15 tan, extremel y cold temperatures must be
endured.  Again, lightweightinsulation techniques must be developed to allow the
internal el ectronics to operate nearroomten | peratore, with minimum use. of radioisotope
heaters, while in an ambient tcinperatore of & out 7510 95 K.

The Infrared Montgolfiere Aciobots (1< 1$14s) forthe outer gas planets of Jupiter and
Saturn arc likely to operate ncar 01 somicw hat below room temmperature, while those of
Uranus and Neptune may bercauired o operate in substantially colder ambient
temperaturcs from about 60 K andhiglie

Power generation

Onc way to generate power duting balloon ascents and descents isto usc a wind-turbine
type of power generator. Ancxample of the potential power that can be gencrated by
such a system has been calculated forreal{light data attained in the Al JCE flight series,
as shown in Figure 4. Yor this very small tkg balloon system, the change in buoyancy
was only about +/-3% (Luil ingascentanddeseent.  The resulting velocities were
approximately 1.3 m/see. up and 0.7 m/s¢..down. Power can be expressed as “force”
times “velocity”, and thus the amountof possible ener gy gencrated by this flight was “net
buoyancy” times “balloon vertical velocity” This value has been calculated and is shown
in Figure 6 for the condition of a contitupus night flight withno balloon |eakage.
integration and averaging of this c urveresults inatotal possible wind power (assuming
100% conversion) of 200 mw. Ofcourse the added drag of a system to extract this
encrgy Will increasce system d rag anig) owerthe velocity which will lower the total energy
avail able.
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Conditions for a real flight at Venus would bemoic favorable than this terrestrial test
flight. For a Venus acrobot, wc assunicatotal mass of 30 kg and a variable buoyancy of
+/- 25%, since wc plan tousc reverst bie 11 aids for Venus which have significant y low
molecular weight (such as watcr). Withan approximate average vertical velocity of 2.0
n~/see, this then converts to atotal possible cnergy of' 40 watts for Venus compared to 200
mw for the terrestrial analog.

Another place where wind tut bing power gencration can be applied is for outer planct
acrobots. Developing technigues tochangesnd control the. buoyancy of 1R Montgolficre
balloons aregular cycle of vatiable altitude: can be sustained. This contained variation in
altitude can drive a wind drivenpowe gencrationsystem thus enabling very very long
missions within the outer planctatmospheres without the need for radioisotope power
SOUrces.

Cong lusons (K'ITN)

- Near term opportunitics
. Venus Discovery (BEV-likernissions)
. BETA - Cassini conmection
.Mars 2001

- long range possibilities
. VFR moderate classmissions
.Vertical mobility for M ars acrobots
. O.P.IRM's replace at mospheric probes
.Contl)l_)incd Titan acrobot with Saturn IRM Mission with dedicated
orpiter.

- Summary
Avknowledgments
“I"he help of Dr. Matthew Hucnand | 1. Gle nn Orton (both JPL.) is gicatl y appreciated for

the calculation of infrared balioon iz np, and of predicted radiant heatlevels in the
a mosphere of Jupiter, respecti vely. ADD

2
2




K. T. Neck
January 4, 1996

Reforences

Anderson, C. M., “Wind, sand snd Murs: ‘I’he. 1990 Tests of’ the Mars Balloon and
Snake,”’ g hc Planctary Repori, Vol [, No. 1, pg 12-185, Ja nvary/bebroary 1991,

Blamont, J., "Development of  Mears Network by Balloons, "Intl. Workshop for
Coordination of Mars Exploration, Germany, May 1993. C NES/DG/CN No. 1631,
Paris, May 5, 1993.

Blamont, J., "Balloons for the¢ Eaplorstionof Mars," Adv. Space Res., vol. 13 (2), pp.
137-144, 1993.

Crisp, D., Cozman, E.Krotkov, "VepaBalloon Mcteorological Mcasurements,” Adv.
Space Res., vol. 10 (5), pp. 109-124, 1990

DiCicco, A., K. T. Neck, and G.E.Powcll, "Balloon Experiment a Venus (BEV)",
Proceedings 11th Lighter-Than- Air'Technology Conference, ATAA 95-1623, Clearwater,
FL.., May 1995.

Gildenberg, B. D., “General Philosophy and Techniques of Balloon control,” 6th
AVCRI. Scientific Balloon Symposiuni, 1970,

Houghton, J. T., The Physics of Atmospheres, (Cambridge University Press, pg. 203,
19717.

Hunter, D. h4., L. Colin,.T. Donahue, and V. Moroz, Venus, The University of Arizona
Press, 1983.

Jones, J. A., “Phase Change RBalloonsfor Solar System Planets, ‘Titan, and Europa,” JPL.
10M 3546/280/TETCTID/1)/93, Augusi 27,1993,

Jones, Jack A., “Reversible Fluid Ballcion A Hitude Control Concepts,” Proceedings of the
11thLighter-Than-Air Systems Technology (- ‘onfeience, Al AA-95- 162.1, Clearwater, KL,
May 1995.

Krotkov, E., M. Hebert and R. Simmions, “ Stereo Perception and Dead Reckoning for a
Prototype 1 .unar Rover,” Journalof Autonomous Robots, (Specia 1ssuc on Autonomous
Vcehicles for Planctary Exploration), Janary 1 996.

Malaterre, P., “long Duration Balloon | lights in the Middle Stratosphere,” Adv. Space
Res.,vol. 13, no. 2, pp. (2) 107- (2)1 14,1993

Moroz, V. ., “VA-94 Venus Atmospherc Modelfor Discovery Venera Project,” Space
Research Institutc of Russian Acadcmy of Science (1K), Profsojuznaja, 84/32, Moscow,
1994,

Ncedleman, H. C., R. S. Neck, 1. W Rawcom, “Status of the. NASA Balloon
Program,"Adv. Space Res., vol.13,no. 2, P 2(69) (2) 76,1993,

Neck, K. T., K. M. Aaron, J. A. Jones, D P McGee, G. ¥ Powell, A. Yavrouian, and J.J.
Wu, “Balloon Altitude Control Fxperiment( ALICE) Project,” Proceedings 11th Lighter-
Than-Air Systems Technology Conference. ATAA-951632, Clearwater, 1., May 1995.




K. T. Neck
January 4, 1996

Romecro, M., “Balloon sur Venus  Gonfle pe sous Parachute ¢t oscillations de Balloon
Ludion (Balloons over Venus  Jaflationunder Parachute and Ludion Balloons
Oscillations),” Centre d'Ytoude ¢t duc Recherches de Toulouse, ONERA,
CR/BAIL /THER/49, November 1980,

Romero, M., “Balloon sur Venus:  Simuolations de 1)Jivers Modes de Stabilization
(Balloons over Venus)---- Simulationsof Various Stabilization Mcthods)", Convention
81/CNES/0728, Etude Cert 412, CR/BAL/ITER 151, Febroary 1981,

Rougceron, M., CNES Article 329/1171/1'0/B A/EL:, July 19609,

Schubert, G., “General Circulationandthe:dynamical State of the Venus Atmosphere,”
Venus pp. 681-765, The University of Avizema Press, Tucson, 1983.

Scicnce, Special Issue on Venus Ballooning. March1986.

Sirmain, C., J. Evard, and J. Vcga, "Miniian Acrostat Deployment: Analysis and Test,”
paper presented at AIAA 11th 1ighter’) hao Air Conference, Clearwater, H., May 1995.

Vorachek, J. J.,, “A Comparison of Sc¢ veral Very High Altitude Station Keeping Balloon
Concepts,” 6th AFCRI. Balloon Sylilpmiurl1,pp.3S5-381, 1970.

Yavrouian, A., G. Plett, and S. S, Yen, “11:gh Temperature Balloon Materials for Venus
Balloon Envelopes,” Proceedingsof t e (1thlaghter-Than- Air Systems ‘Technology
Conference, AIAA-95-1617, Clear water, 1, May 1995,

Scicnees Conference, Reno, NV, January 19906,

Wu, J. J, and J. A. Jones, "I'ciiomance Models for Reversible Iluid Balloons,”
Proccedings 11th Lighter- Than-Au Vichnology Conference, Al AA- 95-1623,
Clecarwater, };]... May 1995.

Zubrin, R., s. Price, B. Clark, J. (Canticlland R. Bourke, “A New Mars Aeria Platform,”
Acrospacc America, pp. 20-24, Scpt.1993.

29



